The exact cause of straighthead is unknown, but independent studies have shown that straighthead is inStraighthead disease is a physiological disorder of rice (Oryza sacreased by consistent flood (Wells and Gilmour, 1977; tiva L.) characterized by sterility of the florets leading to reduced Wilson et al., 2001 ), sandy to silt loam textured soils grain yield. Knowledge of the straighthead response of new cultivars (Collier, 1912; Adair et al., 1973) , low soil pH and low is important for producer control of this disease, and identification of resistant germplasm is essential for breeding improved cultivars.
Extension Center near Stuttgart.
Although little is known of the exact causal agent(s) S traighthead is a physiological disorder of rice that of straighthead, the genetic basis of resistance has been examined in at least three studies. Inheritance of resistance results in sterile florets with distorted lemma and to straighthead in rice has been reported to be dominant palea, and in extreme cases, the panicles or heads do not in long-grain rice types (Atkins et al., 1957) and recessive form at all (Atkins, 1974) . As a result, heads remain upin medium-grain types (Xie, 1993) with a single or few right at maturity because of lack of grain development: hence, the name "straighthead." The diseased panicles genes involved. The heritability of straighthead resistance may not emerge from the flag leaf sheath when the diswas reported to be high with minimal interactions beease is severe. The lemma and palea, or both, may be tween genotype and environment (Rasamivelona et al., lacking, but if they are present, they are distorted and 1995) . In addition, an interaction between genotype, As, crescent-shaped, particularly in long-grain cultivars, and nitrogen fertility was noticed in straighthead resisforming a characteristic symptom of straighthead called tance (Dilday et al., 1984) . The objectives of the present "parrot beak" (Rasamivelona et al., 1995) . Other sympstudy were to determine the reactions of major U.S. cultitoms include unusually vigorous dark green leaves in vars to straighthead-inducing levels of MSMA at various mature plants and strikingly abnormal root systems with nitrogen fertilizer rates and to identify resistant germlarge, shallow roots with few branches and root hairs plasm for incorporation in U.S. rice breeding programs. (Atkins, 1974; Bollich et al., 1989) . , 2000) . The dependent variable was yield, the fixed effects in the model design, As levels as the main plots, nitrogen rates as subplot, and cultivars as sub-subplots. The plots were replicated four were Maturity Group, Cultivar nested within Maturity Group, Treatment as As-treated and untreated, Maturity Group ϫ times within each As treatment and served as replication of As. MSMA as a solution was applied to the soil surface and Treatment, Cultivar ϫ Treatment nested within Maturity Group, and the covariable Lodging nested within Maturity incorporated before planting. Each plot contained nine rows with 0.2-m spacing between rows and rows were 1.5 m long.
MATERIALS AND METHODS
Group. The random effects in the model were the residual and the effects of Block nested within the combination of The tests were planted with a Hege 80 planter on 14 May 1999 and 24 May 2000. Weeds were controlled with 9.3 L ha
Ϫ1
Maturity Group and Treatment. Comparisons of treatments for the same cultivar were t tests on the means adjusted to of propanil (3Ј,4Ј-dichloropropionanilide) mixed with 0.4 kg ha Ϫ1 of quinclorac (3,7-dichloroquinoline-8-carboxylic acid; no lodging for excluding lodging from treatment effect, and comparisons among cultivars of the treatment differences were Facet, BASF) when the rice was about four-leaf stage. The nitrogen fertilizer was applied just before a permanent flood done by multiple t tests, each at the 5% significance level. was established at five-leaf stage. The flood was maintained throughout the growing season to ensure ideal straighthead
RESULTS

development.
Straighthead was visually rated at maturity in the center
Effects of MSMA, Nitrogen and Cultivar
of each plot based on floret fertility or sterility and panicle on Straighthead emergence from the flag leaf sheath. The rating scale ranged from 1 to 9, 1 ϭ no apparent sterility (more than 80% grains
Arsenic in the form of MSMA affected straighthead, developed) and about 100% of the panicles emerged; 2 ϭ grain yields, and plant height as shown in The flood was maintained throughout the growing season to ensure ideal straighthead conditions. * Significant at P Ͻ 0.05.
Straighthead scoring, days to heading and plant height were ** Significant at P Ͻ 0.01. *** Significant at P Ͻ 0.001.
recorded in the same way as in the previous experiment. The plied. Also, the difference in ratings between MSMA dostivars were completely sterile and upright. For example, ages of 6.7 and 9.0 kg ha Ϫ1 was small. On the basis of these most grains of Cocodrie became parrot beaked, many results, cultivar responses were assessed under MSMA at panicles failed to emerge, and plants were stubby, result-6.7 kg ha Ϫ1 and nitrogen at 134 kg ha
Ϫ1
. ing in no seed set (Fig. 2) . Wells, LaGrue, Drew, Cypress, and Japan 92.09.31 were susceptible to straighthead with
Cultivar Responses to MSMA-Induced Straighthead
ratings from 5.9 to 6.7 (Fig. 1) . Most grains on the panicles of these cultivars were sterile, although the plants Cocodrie, Mars, Kaybonnet, and Bengal were highly were not visibly stunted. Priscilla and Jefferson were consusceptible to straighthead with ratings from 7.2 to 8.0 (Fig. 1) . Under MSMA treatment, panicles of these culsidered tolerant with straighthead ratings of 4.9 and 5.3, respectively. Most of their panicles emerged normally, treated field. Lodging effect on yield reduction caused and about 30 to 50% of the grains were developed as by straighthead was excluded by covariance analysis for compared with more than 85% developed grains in nonmean comparison of each entry. treated plots. Zhe 733, a Chinese indica cultivar, was
Out of the 124 accessions evaluated the nineteen listed resistant to straighthead with rating of 2.0 in both years.
in Table 2 showed resistance to straighthead. Among the The plant growth and panicle fertility of Zhe 733 were 19, seven had increases of grain yield from 134 to 1115 kg essentially normal (Fig. 2) .
ha Ϫ1 under the influence of straighthead, and the other 12 had reductions from 7 to 1197 kg ha Ϫ1 , but all the in-
Differential Cultivar Yield Reduction Due to
creases and decreases were not significant. Their straighthead ratings ranged from 1 to 3 while Cocodrie and
MSMA-Induced Straighthead
Mars were rated 8 and 7, respectively (Fig. 2) . Over all the cultivars examined, the average grain yield All the resistant cultivars were indica except Jing was reduced 60% by straighthead induced at 6.7 kg 185-7, which was japonica. Nine accessions of the resis-MSMA ha Ϫ1 in comparison to non straighthead-inducing tant germplasm were in the very early group having conditions (0 kg MSMA ha Ϫ1 ). The highly susceptible 63 to 69 d to heading except Dian No. 01, two in the cultivars, Cocodrie, Mars, Kaybonnet, and Bengal, exearly group having 83 d to heading, two in the intermehibited a severe reduction of grain yield, from 80% for diate group having 89 to 90 d to heading, and all six in Bengal to 96% for Mars as compared with their correthe late group having 90 or more days to heading except sponding untreated MSMA treatment (Fig. 3) . The susJing 185-7. Preliminary observation of days to heading ceptible cultivars, Wells, LaGrue, Drew, Cypress, and had incorrectly classified Dian No. 01 in the very early Japan 92.09.31, had less severe yield reductions ranging group. The present results ( Table 2 ) clearly indicate that from 49% for Cypress to 73% for LaGrue. The tolerant it belongs in the early group. Plant heights varied from cultivars, Priscilla and Jefferson, had least yield reduc-89 cm for Tie 90-1 in the very early group to 133 cm for tions of 24 and 36%, respectively. Zhe 733, the Chinese inSheng 12 in the late group. Two accessions, Zanuo No1 dica cultivar, had no yield reduction caused by straightand Jinnuo No6, were waxy endosperm type containing head, indicating that it was immune to soil application no amylose, and the other 17 nonwaxy accessions had of MSMA.
amyloses ranging from 14.8% for Shufeng 121 to 27.0% for Shufeng 109 in their endosperms. Aijiaonante was
Straighthead Resistant Germplasm
the first semidwarf cultivar bred in 1956 in China (Qian Arsenic content in the treated field was 32.5 kg ha Ϫ1 and Liu, 1993), and Zhenshan 97 was a popular mainbefore and 40.3 kg ha Ϫ1 after applying 6.7 kg MSMA tainer line of hybrid rice in China (Virmani, 1994) . ha Ϫ1 . The untreated check field contained 13.4 kg ha
Ϫ1
These straighthead resistant accessions with Plant Inof As. Residual As from previous straighthead tests was troduction (PI) numbers are publicly available in the responsible for the higher level of As in the straighthead USDA National Plant Germplasm System at www. test field before applying MSMA than in the untreated ars-grin.gov; verified 16 February 2005. check field in 2001. The two highly susceptible checks, Cocodrie and Mars, had very severe straighthead, and DISCUSSION their severe reductions of grain yield caused by the straighthead (95-97%) were highly significant ( Table 2) .
Significance of Straighthead Resistance
The resistant check, Zhe 733, was rated 1 for straightin Southern U.S. Rice Production head and had no yield reduction. These results validated
In the early 1900s, Collier (1912) estimated that apthe effectiveness of the test conditions for identifying proximately 20% of the U.S. rice acreage suffered signifstraighthead resistant germplasm. Lodging occurred in some plots of the As-untreated field, but not in the Asicant yield reductions of 12 to 15% because of straight- Table 2 . Nineteen Chinese rice germplasm accessions had no significant yield reductions from straighthead induced by MSMA (monosohead. However, the sporadic nature of straighthead, the draining the flood water and thoroughly drying the soil can be compromised by precipitation. Soil aeration to lack of a specific causal agent, and the difficulty in finding resistant germplasm has resulted in less emphasis on this extent can also excessively stress the rice plants and complicate other management practices. Producers pay developing cultivars that address this disorder. Instead, growers employ a practice referred to as "draining and drya penalty for this practice because plant stress decreases the full yield potentials of cultivars. Furthermore, draining," which appears to attenuate the sterility associated with straighthead (Atkins, 1974; Rasamivelona et al., ing, drying, and re-flooding the fields increases labor and power usage, which can increase costs to the producers. 1995). In this practice, fields are drained and dried at the 5-leaf stage, about 1 wk after flooding, until cracks
In 2001, a total of 1.3 million hectares of rice was grown in the USA with 86% of that total coming from the southappear in the soil and rice leaves begin to curl and exhibit yellowing. The flood is then re-applied for the remainder ern states of Arkansas (49%), Louisiana (17%), Mississippi (8%), Texas (6%), and Missouri (6%) (USDA-ERS, of the season. For draining and drying to be effective, the soils must be thoroughly dried 10 to 14 d before 2002). Widely grown cultivars in the southern USA are very susceptible to straighthead and can show dramatic internode elongation (Wells and Gilmour, 1977) .
Although straighthead affects only a small proportion yield reductions. In the present study, MSMA-induced straighthead resulted in an average yield reduction of of the Arkansas rice acreage each year, about 20% of the acreage is drained and dried for straighthead prevention 95% for Cocodrie, 49% for Cypress, and 62% for Wells (Fig. 3) . The susceptibility of the three cultivars was fur- (Wilson et al., 2001) . Recently, the practice of draining and drying has increased to 35% of rice fields in Arkanther confirmed by Wilson et al. (2001) . In combination, these three cultivars were grown on 73% of rice hectares sas (Wilson, per. Comm.). However, the effectiveness of
